The Toll pathway is a central regulator of antifungal immunity in insects. In mosquitoes, the Toll pathway affects infections with the fungal entomopathogen, Beauveria bassiana, which is considered a potential mosquito biopesticide. We report here the use of B. bassiana strain I93-825 in Anopheles gambiae to analyze the impact of Toll pathway modulation on mosquito survival. Exposure to a narrow dose range of conidia by direct contact decreased mosquito longevity and median survival. In addition, fungal exposure dose correlated positively and linearly with hazard ratio. Increased Toll signaling by knockdown of its inhibitor, cactus, decreased survivorship of uninfected females, increased mosquito survival after low dose B. bassiana exposure, but had little effect following exposure to higher doses. This observed tradeoff could have implications for development of B. bassiana as a prospective vector control tool. On the one hand, selection for small increases in mosquito immune signaling across a narrow dose range could impair efficacy of B. bassiana. On the other hand, costs of immunity and the capacity for higher doses of fungus to overwhelm immune responses could limit evolution of resistance.
Introduction
Control of mosquito vectors continues to be contingent on widespread use of chemical insecticides through insecticide treated bed nets (ITNs) and indoor residual spraying (IRS). However, resistance to widely used public health insecticides is spreading within many vector populations, jeopardizing the effectiveness of these control tools (Benelli and Beier, 2017; Hemingway and Ranson, 2000; Ranson et al., 2011; Ranson and Lissenden, 2016) . In light of these circumstances, research into the development of alternative vector control measures has been a topic of continuing interest (Barreaux et al., 2017; Hemingway et al., 2016; Kamareddine, 2012; Thomas et al., 2012) . Entomopathogenic fungi have displayed promise as a means to provide such alternative control measures as novel biopesticides (Blanford et al., 2005; Scholte et al., 2005) .
Fungal strains of species such as Beauveria bassiana and Metarhizium anisopliae are virulent to Anopheles gambiae, the major vector of malaria in sub-Saharan Africa (Kikankie et al., 2010; Mnyone et al., 2009; Scholte et al., 2003) . These fungi are attractive as potential vector control agents as they have been shown to reduce factors related to mosquito physiology that affect disease transmission such as feeding propensity Howard et al., 2010b; Scholte et al., 2006) , fecundity Scholte et al., 2006) , flight , host seeking (George et al., 2011) , and vector competence (Blanford et al., 2005) , as well as maintaining efficacy against both insecticide-resistant and non-resistant mosquito strains Farenhorst et al., 2009; Howard et al., 2010a) . In addition, the use of these agents has the added benefit of horizontal transmission, as seen by transmission through mating from infected males to uninfected females, affecting a population larger than originally exposed (García-Munguía et al., 2011) . Formulations of infective conidia can be stable for long periods of time and remain effective (Blanford et al., 2012a) , allowing them to be produced in large batches, shipped, and stored for later use. These infective conidia can be applied in a similar fashion as chemical insecticides through IRS Mnyone et al., 2010) , or by application to a variety of substrates that can target host searching mosquitoes (Sternberg et al., 2016 (Sternberg et al., , 2014 , or resting sites for blood-fed mosquitoes (Farenhorst et al., 2008; Lwetoijera et al., 2010; Mnyone et al., 2012; Scholte et al., 2005) .
B. bassiana conidia attach to insect cuticles, where they germinate and penetrate this external barrier and proliferate within the mosquito (reviewed in Mascarin and Jaronski, 2016) . This infection can progress in a matter of 3e14 days before host death, with both fungal dose and isolate virulence playing an important role in the time of death (Bell et al., 2009; Blanford et al., 2012b Blanford et al., , 2011 Farenhorst and Knols, 2010; Mnyone et al., 2009; Valero-Jim enez et al., 2014) . However, insects have the ability to evolve an increased tolerance and/or resistance to pathogens, including entomopathogenic fungi. For example, laboratory-based selection experiments in the greater wax moth, Galleria mellonella, lead to specific resistance to B. bassiana through continuous exposure to sublethal doses of conidia in a mere 25 generations (Dubovskiy et al., 2013) . The mechanism of enhanced resistance in such a short period of time was linked to augmentations of front line defenses such as cuticle strength, phenoloxidase activity, and antimicrobial peptide (AMP) expression, highlighting the critical role that immune activation state can have on the survivability to fungal infections (Dubovskiy et al., 2013) .
The Toll pathway has an important role in antifungal immunity within insects and, thus, alterations in basal activation of this pathway can influence an insect's ability to resist B. bassiana . The Toll pathway is characterized by an extracellular protease cascade and an intracellular signal transduction pathway (reviewed in Valanne et al., 2011) . This pathway culminates in the cleavage and degradation of a major pathway inhibitor, Cactus, whereby the NF-kB transcription factor, REL1, is released to translocate into the nucleus and affect gene transcription. Several pathogen killing mechanisms are controlled by the Toll pathway, including AMPs, transcriptional upregulation of components of the complement-like pathway, as well as negative regulators of the melanization cascade (Frolet et al., 2006) .
Changes in Toll pathway activation, indeed, have been shown to affect a mosquito's ability to overcome a B. bassiana infection. Previous studies show that increased expression levels of REL1 boosts basal immunity and positively affected the ability of Aedes aegypti to withstand B. bassiana infections Shin et al., 2006 Shin et al., , 2005 . Therefore, the Toll pathway could constitute a selection target for resistance to B. bassiana. However, the intersection between Toll signaling and B. bassiana exposure dose is less clear. In this study, we describe a trade-off between activation of Toll immune signaling and survival in the context of exposure of An. gambiae to various doses of B. bassiana conidia.
Materials and methods

Mosquito rearing and maintenance
The An. gambiae G3 strain was reared at standard rearing conditions . Adult females 2e4 days old (n ¼ 35 per treatment per replicate) were separated, placed in experimental cups (straight-walled paper cans, 1 pint volume, Neptune Paper Products Inc., Fort Lee, NJ, USA), and fed sugar water (8% D-fructose, 2.5 mM 4-aminobenzoic acid, Sigma-Aldrich, St. Louis, MO, USA) ad libitum (Beier et al., 1994) .
Fungal immune challenge
B. bassiana strain I93-825 conidia were formulated in a mix of mineral oils (80:20 Isopar:Ondina) as described previously (Blanford et al., 2005) with the conidia concentration adjusted to 1.24 Â 10 9 conidia/ml. The resulting conidia formulation was spread on 15 cm filter paper (VWR, Radnor, PA, USA) with volumes adjusted to 4 ml using 80: , which were modified through the lateral insertion of a 1-inch, mesh-covered straw to allow airflow during mosquito aspirations. Adult females were aspirated into the modified WHO exposure cones through the top of the cone and forced to rest on filter paper for 30 min at room temperature. After exposure, mosquitoes were returned to the experimental cups and kept using the standard rearing conditions cited above. The effects of fungal exposure dose on survival of naive mosquitoes were tested using six biological replicates, with 35 adult female mosquitoes used for each dose and replicate. The effects of dsGFP injection, REL1knockdown (kd) and Cactuskd on female mosquito survival across the fungal exposure dose range were tested using three biological replicates, with 35 adult mosquitoes used for each dose and replicate.
Mortality analysis
After fungal exposure, survival was monitored daily until mortality reached 100%. The resulting data were analyzed and graphed using KaplanÀMeier and compared using the log-rank (MantelÀCox) test and Hazard Ratios (HRs). Lethal time 50 (LT50, the time point after exposure where 50% of mosquitoes in a given treatment had died) was evaluated statistically using one-way or two-way ANOVA followed by Tukey's multiple comparisons posttest. All statistical analyses were performed using GRAPHPAD PRISM software v.6 (GraphPad Software Inc., La Jolla, CA, USA).
Total RNA extraction
Female mosquitoes were flash-frozen in liquid nitrogen and stored at À80 C. Samples were homogenized in 200 ml Trizol (Ambion, Life Technologies, Carlsbad, CA, USA), and total RNA was extracted using a final volume of 1 ml Trizol according to the manufacturer's instructions. Pellets were air dried and suspended in 100 ml RNase-free water (Fisher Scientific, Waltham, MA, USA).
RNA was further purified with an RNeasy mini kit (Qiagen, Valencia, CA, USA) using the manufacturer's protocol and eluted in 50 ml RNase-free water. RNA integrity was verified by agarose gel electrophoresis and concentration determined by Nanodrop (Thermo Fisher Scientific, Waltham, MA, USA).
cDNA synthesis
An. gambiae cDNA was synthesized from 100 ng purified total RNA with an iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA), using oligo(dT) and random hexamer primers, in a total reaction volume of 20 ml, following the manufacturer's protocol.
dsRNA synthesis
DNA templates for dsRNA synthesis were generated by two rounds of PCR from cDNA of 3e4 day-old female sugar-fed mosquitoes. The first-round PCR was performed in a 25 ml total reaction volume with 100 ng of cDNA as template, using the following primer sets for REL1, Cactus, and GFP (T7 5 0 extension is underlined). AGAP009515_REL1_F, 5 0 -GAATTAATACGACTCACTA-TAGGGAGAATCA ACAGCACGACGATGAG-3'; AGAP009515_REL1_R,
GFP_R,5 0 -TAATACGACTCACTATAGGGCACATGAAGCAGCA CGACTT-3'. Resulting PCR products were purified by gel extraction (QIAquick Gel Extraction Kit; Qiagen, Hilden, Germany) and eluted in 30 ml Milli-Q ® purified water. The second-round PCR was performed using 1 ml of first-round PCR product as template in a 50 ml reaction volume using the following T7 primer: T7_F/R, 5 0 -TAA-TACGACTCACTATAGG G-3'. The second-round PCR product was precipitated with 1 volume of isopropanol and the resulting pellet resuspended in 50 ml Milli-Q purified water. DsRNA synthesis and purification was performed with the AmpliScribe T7-Flash transcription kit (Epicentre, Madison, WI, USA) using 1 mg of secondround purified PCR product following manufacturer's protocol, and the dsRNA after final precipitation was resuspended in RNasefree water at a concentration of 3.0 mg/mL.
dsRNA injection
Adult females (n ¼ 35 per treatment and replicate) were anaesthetized under a constant flow of CO 2 (5 L/min) using a benchtop Flowbuddy™ regulator (Genesee Scientific, San Diego, CA, USA). Mosquitoes were injected with 69 nl of dsRNA solution (210 ng total/mosquito) under the wing base using a nanoinjector (Nanoject II, Drummond Scientific, Broomall, PA, USA). Injected females were kept at standard rearing conditions (see above) until exposed to B. bassiana conidia 3 days post injection.
Real time-quantitative polymerase chain reaction (RT-qPCR)
Total RNA extraction and template cDNA was prepared from female mosquitoes (n ¼ 8 per treatment and replicate) as described in sections 2.4 and 2.5 above. RT-qPCR was performed using iQ SYBR Green Supermix (Bio-Rad, Hercules, CA, USA) according to the manufacturer's protocol with 2 ml of 1:2 diluted cDNA as template for each 20 mL volume reaction. RT-qPCRs were executed on the StepOne Plus RT-PCR System and analyzed with the StepOne software 2.0 (Life Technologies, Carlsbad, CA, USA) with the following amplification protocol: an initial cycle of 5 min at 95 C, 40 cycles of 15 s at 95 C, 1 min at 59 C and 1 min at 72 C (detection). Primers were as follows: rpS7_F, 5 0 -CGCTATGGTGTTCGGTT CC-3'; rpS7_R, 5 0 -TGCTGCAAACTTCGG-3'; REL1_kd_F 5 0 -TCAACAGATGCCAAAA-GAG GAAAT-3'; REL1_ kd_R, 5 0 -CTGGTTGGAGGGATTGTG-3'; Cactus_ kd_F, 5 0 -AATCTGGG CCTGATGGACA-3'; Cactus_ kd_R 5 0 -ACTGCCAGGTGCAGTTGAGT-3'.
To test for potential changes in transcription upon fungal infection, female mosquitoes (n ¼ 8 per treatment and biological replicate) were exposed to fungal conidia (see section 2.2 above), and flash frozen in liquid nitrogen at 1, 2, 4, and 6 days post exposure (dpe). RT-qPCR was used to determine expression of An. gambiae REL1 (AGAP009515) and Cactus (AGAP007938) transcripts relative to the housekeeping gene 40S ribosomal Protein S7 (rpS7, AGAP010592). Fold change was assessed using a modification of the delta threshold cycle (DDCt) method (Pfaffl, 2001) , taking into account primer efficiencies (Fig. S1 ). RpS7 expression was used as reference and unexposed treatments as calibrator conditions. RTqPCRs were performed with three technical replicates using cDNA templates collected from four (REL1) and five (Cactus) biological replicates.
To test for gene knockdown after dsRNA treatment, female mosquitoes (n ¼ 8 per treatment and replicate) were collected 3 days post dsRNA injection. Fold change in expression was assessed using a modification of the DDCt method (Pfaffl, 2001 ) method, taking into account the primer efficiencies (Fig. S1 ). RpS7 expression was used as reference and dsGFP treatments as calibrator conditions. RT-qPCRs were performed in triplicate with three biological replicates.
Results
Time course of fungal-induced mortality
To determine the impact of B. bassiana strain I93-825 on mosquito mortality, female An. gambiae mosquitoes were exposed to a high dose of B. bassiana conidia (2.81 Â 10 7 /cm 2 filter paper), and the number of dead mosquitoes per treatment was recorded daily until all mosquitoes in the experiment were dead. The resulting survival curves of all treatment groups were sigmoidal ( Fig. 1A ; individual biological replicates Fig. S2 ). Oil-only control treated mosquitoes had an average maximum life span of 44.1 ± 1.3 (SE) days and a LT50 of 26.5 ± 0.9 (SE) days. Daily percent mortalities were below 5% for the first three weeks of data collection, resulting in an average of 70% survival within this treatment at 21 days (Fig. 1B) . Mosquitoes exposed to the high conidial dose of B. bassiana were nine times more likely to die as compared to oil only controls (log-rank test, P < 0.0001; Hazard Ratio [HR] ¼ 9.035). Their LT50 (9.0 ± 0.8 days) and maximum lifespan (25.5 ± 1.4 days) were significantly shorter as those observed for oil-only controls ( Fig. 1C and D; One-way ANOVA P < 0.0001; Tukey's posttest P < 0.0001 for both). Daily mortality after high dose fungal exposures was strongly elevated between 6 and 25 dpe, with an average of 17% daily mortality across this time interval (Fig. 1B) . In comparison, oil-only control treatments did not reach this percent daily mortality until 40 dpe (Fig. 1B) .
Dose dependence of the mosquito-killing phenotype
To investigate whether the life-shortening phenotype of B. bassiana was dose-dependent, we assessed survival after exposure to low (7.02 Â 10 6 /cm 2 filter paper) and medium (1.4 Â 10 7 / cm 2 filter paper) doses. Comparison of the survival curves among all four treatment groups revealed significant differences (log rank test; df ¼ 3, c 2 ¼ 314.5, P < 0.0001), with each fungal exposure concentration significantly decreasing mosquito survival over time (Fig. 1A , individual biological replicates Fig. S2 ). HRs of conidiaexposed mosquitoes as compared to oil-only controls positively correlated with dose (Table 1 , R 2 ¼ 0.9973; P ¼ 0.0013). Interestingly, while fungal exposure dose strongly affected the amplitude of increase in daily mortality, the onset of increased mortality rate remained the same, and was first observed between 7 and 8 dpe for all fungal treatments (Fig. 1B) . LT50 of fungal treatments decreased with increasing conidial dose (one-way ANOVA, df ¼ 3, F ¼ 26.71, P < 0.0001 with Tukey's multiple comparison test for pairwise analyses; Fig. 1C ). Likewise, maximum mosquito lifespan negatively correlated with B. bassiana dose (one-way ANOVA, df ¼ 3, F ¼ 26, P < 0.0001 with Tukey's multiple comparison test for pairwise analyses, Fig. 1D ). Both, LT50 and maximum lifespan correlated negatively with dose, and both relationships fitted a linear regression model, with R 2 of 0.7966 and 0.9343, respectively.
Transient increase in expression of toll pathway components after fungal infection
To determine whether B. bassiana infection in An. gambiae affects the Toll pathway, we initially tested for changes in the expression profiles of REL1 and Cactus using RT-qPCR. Transcript levels of REL1 following exposure to a high dose of B. bassiana conidia were determined by RT-qPCR with primer sequences specific to the 5' sequence common to both REL1 alternative splice isoforms at 1, 2, 4, and 6 dpe.
REL1 expression did not change after B. bassiana exposure as compared to oil-only treatments, and in addition remained steady during the time course of the experiment. Thus, neither infection nor age of the sampled mosquitoes impacted REL1 transcript levels ( Fig. 2A; individual biological replicates are shown in Fig. S3 ; Twoway ANOVA, treatment, df ¼ 1,
Cactus expression also remained constant over time in oil-only treated mosquitoes. However, Cactus expression increased significantly and transiently after fungal exposure, with a maximum twofold increase observed at 4 dpe ( Fig. 2B ; Two-way ANOVA, treat-
REL1kd decreases survivorship following fungal challenge in a dose-dependent manner
To investigate whether Toll signaling is activated after B. bassiana exposure and does limit B. bassiana-induced pathology, we used an RNAi-based silencing approach to inhibit the Toll pathway by depleting REL1 prior to fungal exposure ( Fig. 3 and S4 for percent knockdown, S5 for individual replicates). Mosquitoes were injected with dsGFP or dsREL1 and exposed three days post injection to no (oil-only control), low, medium, and high doses of B. bassiana conidia.
Both, the fungal dosage, as well as dsRNA injection treatment significantly affected LT50 (Two-way ANOVA, Table 2 ). In the absence of fungal infection, injection of dsREL1 did not change (Fig. S2) , and are presented as mean ± 1 SEM. mosquito survival as compared to dsGFP-injected mosquitoes or uninjected controls (log-rank test, dsREL1/uninjected P ¼ 0.2145; dsGFP/uninjected, P ¼ 0.3881; see Table 3 for HRs).
As observed previously, in all treatment groups, mosquito survival decreased with increasing dose of conidia. However, neither injection nor the presence of non-specific dsRNA significantly altered mosquito survival curves with HRs at each dose close to 1 (Fig. 3, Table 3 ). Daily mortalities of dsGFP-injected mosquitoes were comparable to those of uninjected mosquitoes at all fungal exposure doses (Fig. S6) . LT50 also remained similar between dsGFP-treated and uninjected mosquitoes regardless of conidial dose (Two-way ANOVA, treatment, df ¼ 1, F ¼ 0.4695, P ¼ 0.5030; conidial dose, df ¼ 3, F ¼ 31.77, P < 0.0001; interaction, df ¼ 3, F ¼ 0.3192, P ¼ 0.8113), as did maximum life span. Likewise, after low dose exposure, dsREL1-survival curves were not significantly different from dsGFP-injected survival curves (log-rank test, P ¼ 0.1728) or uninjected control curves (log-rank test, P ¼ 0.2471) (Fig. 3B) .
However, after exposure to the medium and high dosages of conidia, dsREL1-treated mosquitoes experienced statistically significantly decreased survivorship when compared to dsGFPtreated or uninjected mosquitoes ( Fig. 3C and D; log-rank test, all P < 0.0001). This decrease was largely a consequence of increased daily mortality beginning at 8 dpe in dsREL1-injected mosquitoes. DsREL1 injection affected the amplitude of increase in daily mortality, e.g. the percent daily mortality at 8 dpe was four-fold higher in dsREL1-injected compared to uninjected mosquitoes (Fig. S6) . Again, the onset of this phenotype remained the same, and was first observed between 7 and 8 dpe for all dsRNA treatments at all fungal doses (Fig. 3) .
DsREL1-injected mosquitoes exposed to higher doses of B. bassiana resulted in higher likelihood of mortality when compared to uninjected controls (HR dsREL1-injected low dose ¼ 1.061 ± 0.251, HR dsREL1-injected medium dose ¼ 1.753 ± 0.167, HR dsREL1-injected high dose ¼ 2.848 ± 0.371). After a low dose exposure, LT50 decreased from 14.67 dpe in dsGFP-injected control mosquitoes to 12.2 dpe after dsREL1-injection (Fig. 3E ). DsREL1-injected mosquitoes had consistently lower LT50s when compared to dsGFP-injected controls exposed to the same amount of fungus (medium dose: dsGFP-injected ¼ 12.0 dpe, dsREL1-injected ¼ 9.0 dpe; high dose: dsGFP-injected ¼ 11.7 dpe, dsREL1-injected ¼ 8.0 dpe) (Fig. 3E) .
Cactus knockdown increases survivorship after low dose fungal challenge
To determine if increased basal activity of the Toll pathway can limit B. bassiana-induced pathology, we used RNAi to induce the intracellular Toll signaling cascade prior to fungal exposure through the depletion of cactus (Fig. 3 and S5 for individual replicates). Mosquitoes were injected with dsCactus or dsGFP as a control treatment and subsequently exposed three days post injection to no (oil-only control), low, medium, and high doses of B. bassiana conidia.
DsCactus injection induced a 33% decrease in Cactus transcripts (Fig. S4) . In the absence of infection, Cactus knockdown was detrimental to mosquito survival, as dsCactus-depleted mosquitoes had overall significantly decreased survival rates compared to both uninjected and dsGFP-injected controls ( Fig. 3A; log-rank test, P < 0.0001), with HRs of 1.7 and 2.1, respectively (Table 3) . Cactus knockdown increased daily mortality, with Cactus-depleted mosquitoes experiencing a consistently higher percent mortality than all other treatments between 8 and 29 dpe, peaking first at 12 dpe and later at 27 dpe (Fig. S6A) .
However, dsCactus-depleted mosquitoes had better survival rates after low dose exposure to B. bassiana as compared to both, uninjected and dsGFP-injected controls (Fig. 3D) . DsCactusdepleted mosquitoes consistently displayed lower daily percent mortalities than all other treatments from 5 dpe to 17 dpe, peaking at a later stage of infection at 26 dpe (Fig. S6B) . In addition, dsCactus-injected treatments also had significantly increased medium survival compared to dsGFP-injected treatments at low dose (Student's t-test, P ¼ 0.0274). While we did see increases in Relative expression of An. gambiae REL1 and Cactus transcripts after exposing female mosquitoes to a high dose of B. bassiana strain I93-825. Graphs depict mean transcript levels at 1, 2, 4, and 6 dpe for oil only controls (black) and high dose, B. bassiana-exposed mosquitoes (grey). RT-qPCR results were analyzed using rpS7 as the reference gene and untreated mosquitoes collected at 0 dpe as calibrator condition. Statistically significant differences are indicated by asterisks (Wilkoxon signed-rank test, Sidak's post test, P < 0.05). Data are presented as mean ± 1 SEM from four (REL1) and five (Cactus) biological replicates; individual replicates are shown in Fig. S3 . variability between biological replicates at low dose exposures, dsCactus-injected mosquitoes consistently fared better than dsGFPinjected mosquitoes, particularly prominent within the third biological replicate (Fig. S5) . The dsCactus-dependent, enhanced survival observed at low dose exposures was lost after mosquitoes were exposed to a medium or high dose of B. bassiana (Fig. 3C and D) . Here, dsCactus-and dsGFP-injected mosquitoes had overlapping survival curves (Fig. 3C  and D) , and the HR of dsCactus-depleted mosquitoes as compared to controls was close to 1 (Table 3) .
Discussion
This study investigated the activation state of Toll immune signaling and its consequences on survival following exposure of An. gambiae to various doses of B. bassiana conidia. We find that exposure to B. bassiana across a narrow dose range has far reaching effects on mortality in these insects. Additionally, we find that decreasing the basal activation of the Toll signaling pathway through RNAi knockdown of REL1 leads to severe and significant decreases in survivorship following infection with B. bassiana. Conversely, knockdown of a key negative regulator of Toll signaling, Cactus, revealed that an increased basal level of Toll activation is beneficial following low dose exposures to this fungus. Interestingly, as fungal dosage increased, any benefits gained through preemptive Toll activation were lost. Together this study highlights the impact fungal exposure dose has on immune system activation and infection outcome in this vector species.
We find that exposure doses over a small range of conidial concentrations can have large effects on the LT50 in An. gambiae. While the highest conidial density utilized in this study was merely four fold higher than the lowest dose (2.81 Â 10 7 vs. 7.02 Â 10 6 conidia/cm 2 ), we observed a strong inverse linear relationship between exposure dose and LT50. Similar relationships between B. bassiana dose and LT50, albeit using log-fold changes in dose, have been reported previously in mosquitoes, including An. gambiae and Anopheles stephensi (Bukhari et al., 2010; Dong et al., 2012; Mnyone et al., 2009) , as well as the beetle Agelastica alni (Sonmez et al., 2017) . However, the relationship between dose and LT50 seems to be highly variable and dependent not only on experimental conditions and the B. bassiana strain tested (Bukhari et al., 2010; Mnyone et al., 2009 ), but also on insect species and sex (Bukhari et al., 2010; Taylor et al., 2007) . Future studies will have to show whether the strong impact on LT50 of An. gambiae over a narrow dose range of B. bassiana is influenced by any or all of these factors or is a general feature of B. bassiana infection dynamics in An. gambiae. The Toll pathway is a well-known critical negative regulator of fungal infections in mosquitoes . We were therefore surprised to find that at the lowest dose used in this study this immune signaling pathway does not seem to be activated by B. bassiana. This notion is supported by the following two observations: First, at low dose, dsREL1 injection does not decrease mosquito survival, suggesting that expression of anti-fungal immune factors does not occur or only occurs to levels that do not alter infection outcome. Second, knockdown of Cactus, which activates the intracellular Toll signaling cascade, even in the absence of immune challenge (Frolet et al., 2006) , does increase mosquito survival rates, demonstrating the impact Toll signaling has on limiting B. bassiana induced pathology. Possible mechanisms that may contribute to this indirectly observed lack of Toll activation at low dose exposure are mosquito immune system evasion or suppression by B. bassiana. Both mechanisms are commonly employed by arthropod pathogens, e.g. Plasmodium spp. utilize both to escape nitration, encapsulation, and melanization responses (Bo€ ete et al., 2004; Lambrechts et al., 2007; Michel et al., 2005; Molina-Cruz et al., 2015; Ramphul et al., 2015) . B. bassiana is no exception, employing a variety of methods to evade host immunity, including utilization of hyphal bodies that evade immune recognition through a lack of antigenic surface compounds (Pendland et al., 1993) . Beauveria is also capable of modulating insect responses to suppress a host's immune defenses using different molecular classes of proteases and toxins (reviewed in Joop and Vilcinskas, 2016) . Our data further suggest that if immune evasion/suppression is at play, it is less effective after exposure to higher doses of B. bassiana. The Toll pathway was indeed activated and limited the pathology induced by fungal infection, as evidenced by decreased survivorship after dsREL1 injection. Intriguingly, at these doses, Cactus knockdown did not impact infection outcome, suggesting that the Toll pathway was activated to its maximum level, and the loss of enhanced survival in Cactus knockdown treatments is due to overwhelming B. bassiana infection in these treatments.
A potentially significant caveat to the notion that our data suggest immune suppression/evasion by B. bassiana is the incomplete knockdown we observed for Cactus as well as REL1. While the percent knockdown reported herein is similar to levels previously reported by other investigators (Frolet et al., 2006; Garver et al., 2009) , we cannot rule out that further decrease of REL1 and Cactus transcript levels may have decreased mosquito survival at low fungal doses and increased survival at higher fungal dose exposures, respectively. While efficacy of gene knockdown is notoriously difficult to translate to level of protein reduction and phenotypic penetrance (Scott et al., 2013) , these technical limitations of RNAi may be overcome in future studies using technological advances in mosquito genetic manipulation, (Li et al., 2018 (Li et al., , 2017 O'Brochta et al., 2011) .
Previous studies using the same methodology employed by us have shown that in adult, female An. stephensi mosquitoes, B. bassiana load slowly increases over time after exposure to conidia increases in mosquitoes (Bell et al., 2009) . Using the same strain as employed in this current study, Bell et al. observed initial increase in load at the time where survival rates decreased, suggesting that increased pathology is tightly linked to fungal growth. The mechanisms underlying the pathology induced by B. bassiana are numerous and include enzymes capable of utilizing and depleting host hemolymph of sugars and toxins such as beauvericin capable of killing host cells (reviewed in Valero-Jim enez et al., 2016) .
While our data confirm that even transient genetic manipulation of the Toll pathway has strong impact on pathology of B. bassiana infection, it is currently unclear whether these effects are due to altered disease tolerance or pathogen resistance (Medzhitov et al., 2012; Raberg et al., 2009) . Tolerance, the ability to survive higher loads of the pathogen, to B. bassiana infection has thus far not been observed in insects (reviewed in Lu and St. Leger, 2016) . Indeed, An. gambiae mosquitoes depleted of TEP1 succumb to the infection more quickly paired with increased fungal loads, favoring the notion that the melanization immune response limits fungal growth and, thus, increases resistance. Interestingly, TEP1 expression is increased in Cactus-depleted An. gambiae (Frolet et al., 2006) , providing a possible explanation for the increased survivorship we observed in Cactus-depleted mosquitoes exposed to low levels of conidia. However, this is likely not the only mechanism underlying the increased resistance to infection. Cactus depletion in adult An. gambiae changes the expression of 3% of the protein coding genes (Garver et al., 2009) , including the expression of gambicin, one of the two antifungal peptides known in An. gambiae (Vizioli et al., 2001 (Vizioli et al., , 2000 .
An overzealous immune system can have detrimental effects on fitness, due to trade-offs in resource allocation as well as pathology induced by immune byproducts (recently reviewed by Schwenke et al., 2016) . This trade-off is exemplified in our experimental system, as Cactus knockdown, and thus increased Toll signaling, increases survivorship in the presence of infection, while in the absence of infection leads to higher mortality. Indeed, reduced longevity was previously observed in An. gambiae females after Cactus knockdown (Garver et al., 2009 ). In addition, Cactus depletion from mosquitoes as well as D. melanogaster has additional phenotypic consequences, including melanotic tumor formation, (Frolet et al., 2006; Qiu et al., 1998) , proliferation of and shifts in hemocyte subpopulations, (Qiu et al., 1998; Ramirez et al., 2014) , and increased lipid droplet presence in mosquito midguts (Barletta et al., 2016) . While increased melanization in a Cactus-depleted background is likely to contribute to the mosquito's ability to fight B. bassiana infection (Yassine et al., 2012) , increased melanization also reduces longevity in absence of infection . In addition, constitutive activation of the Toll pathway inhibits Akt signaling and leads to depletion of nutrient stores (DiAngelo et al., 2009) , which may contribute to the decreased longevity in Cactusdepleted mosquitoes.
Nevertheless, after low fungal exposure dose, we observed increased longevity in adult female mosquitoes, suggesting that under our experimental conditions the fitness cost of a constitutively activated Toll pathway is at least partially rescued by the mosquito's increased ability to fight infection. A more detailed analysis of fitness parameters, including biting frequency and population growth parameters will allow the quantification of the fitness trade-offs between increased basal levels of immunity and the ability to overcome B. bassiana infection suggested by the data presented herein. In how far this observed trade-off may have implications for the development of B. bassiana as a prospective vector control tool is currently unclear. On the one hand, selection for small increases in mosquito immune signaling across a narrow dose range could impair efficacy of B. bassiana. On the other hand, costs of immunity, the capacity for higher doses of fungus to overwhelm immune responses, coupled with the ability to deliver such doses in the field , as well as the use of B. bassiana in an integrated vector management approach ) is likely to limit evolution of resistance. The potential impact of increased basal immunity on B. bassiana infection outcome can be experimentally addressed in future studies that recapitulate abiotic field conditions and genetic variation in the mosquito host, along with a spectrum of available fungal strains (Kim et al., 2013; Pava-Ripoll et al., 2008; Peng and Xia, 2015; Xie et al., 2015) .
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